Abstract: A computational model for the generation of sound due to unsteady vertical flow in pipes of varying cross sectional area is described. This model is being developed for use in the synthesis of human speech. The model is based upon Howe's acoustic analogy [4] and approximate descriptions of both the vorticity and potential flow fields. This formulation allows the sound generation to be specified in terms of properties of the unsteady behavior of the vertical flow and the potential flow that would exist in the pipe in the absence of vertical inhomogeneities, An approximate model for vorticity formation and evolution is used, and the potential flow solution is obtained from the axial duct shape. A spectral estimate of the sound produced by a jet passing through a pipe constriction is presented.~T
RODUCTION
The aim of this work is to develop a method for estimating the sound produced by a low Mach number unsteady vertical flow in a resonator pipe, as rapidly as possible and with minimal computational effort. This work is being driven by the goal of improving speech synthesis [1] using a more complete, if approximate, description of aeroacoustic sources in a pipe flow.
A typical fiction of a speech synthestier would be one such as producing an audio signal from text information, As such, a synthestier could be thought of as being composed of two parts: fust, a modtie to translate text into information regarding the shape of the vocal system resonator and the placement of acoustic sources (an articulato~description), and second, a module to produce an audio signal using the time-dependent resonator shape and source distribution. Because the first part is computationally intensive, a premium is placed on minitiing computational effort in the physical model.
The physical problem to be modeled is as follows: the lungs form a high-pressure reservoir from which a flow is produced. This flow acts as an energy source for sound generation in the vocaI system either by flow-induced vibration (e.g., of the vocal folds or the tongue tip) or by the production of turbulent jets which will produce sound when evolving in a spatially non-uniform duct. Although research on the computation of sound propagation in the vocal system has been conducted for over forty years (see, e.g., [2] ), the charactertiation of aeroacoustic sources due to the formation of turbulent jets and their interaction with a spatially non-unifom duct has never been successfully established [3, 4] . This paper focusses on estimating both the aeroacoustic source characteristics and resulting sound signal due to unsteady vortical~ow, given an articulator description.
MODEL~G T~PIPE RESONATOR
Lumped-element modeling of acoustic propagation in the vocal system resonator is well-established [2] . A timedomain computation proceeds from a specified duct shape and irdet and oudet impedance conditions, as well as specified acoustic source information, The first step in a practical implementation is to axially discrettie the duct into straighttube sections, each of which is modeled as a "T-section" in an electrical analog network.
In this analogy, the impedances of each of the lumped elements are defined in terms of the duct cross sectional area and length, as well as the material properties of the fluid [2] . Such a model essentially computes an quasi-one-dimensional estimate of the unsteady potential flow in the duct, in response to sources either inside the resonator, or on the resonator boundaries. This type of computation can proceed in near-real time.
While this approach works well once a source distribution is externally specified , it does not provide a means for source charactersitics to be estimated purely from the boundary conditions. It is clear that the energy source for turbulent flow in the duct is the potential flow computed in the lumped-element model, so it is necessary to use this information which is aheady available as inputs to an approximate model of the aeroacoustic osurce.
MODEL~G
T= AEROACOUSTIC SOURCE Howe [4] has shown that the sound generated by a vertical fluid passing through a constriction in a tube can be written as :
Here, u = V x v is the vorticity, v is the velocity field associated with the vorticity field and its images in the duct walls, and U is the (spatially non-unifom) potential flow velocity in the duct which would exist in the absence of vertical inhomogenties, and the brackets indicate evaluation at (x, t-(x-x,)/c), x and x, being the locations of the observer and of the vertical source, respectively. In order to use this theoretical result to estimate the source characteristics, it is necessary to speci~: (1) the time-varying vorticity field and its associated velocity field v, and (2) both the magnitude and the direction of the potential flow U. Now, as stated above, a quasi-lD approximation of the potential flow maybe computed using the lumped element model described above. In this approximation, the magnitude, but not the direction, of U is computed, so that other information is required to estimate the direction of U. This is accomplished using the well-known fact that a potential flow is determined entirely by the wall shape. Each discretized duct section is treated as a conical passage, for which the potential flow streamlines converge on the apex of the conical section, allowing the potential flow angle to be specified entirely in terms of the duct shape. The vorticity field is also discretized in to vortex blobs, as described beIow.
With the unsteady vorticity and potential flow fields specified in discretized form, a discrettied version of Howe's equation is used to sum the contributions of all vortex blobs in a given tube section to a single source, which is treated in the lumped-element model as a pressure (voltage) source.
E~LE CASE
As a first attempt at this approach to computing the sound from the passage of a turbulent jet through a pipe constriction (see geometry in Figure 1 ), some approximations were made: (1) the flow is considered to separate only at the comer of the test section inlet, (2) vorticity blobs are tijected into the flow at the separation point at random time intervals At, such that the probability density function of At is scaled so that the mean and standard deviation of the injection time series was D~, where D is the jet diameter and U is the jet speed, (3) the strength of a vortex blob is given as U2At, where At is the time since the last blob injection, (4) the vortex blobs convect in a straight line down the pipe at half the jet speed, so that v = U/2. A power spectral density estimate of the sound pressure near the pipe exit is shown in Figure 2 . A pipe flow facility with the same flow passage geometry as this example case is being used to perform measurements of the flow of a jet through a constriction, and the sound produced by that flow. The flow passage configuration is shown in Figure 1 . Details of the experimental setup maybe found in [6] . 
